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HIGHLIGHTS 


•  Performance  was  enhanced  and  TPB  density  increased  after  redox  treatment. 

•  Performance  degraded  and  TPB  density  decreased  after  discharge  process. 

•  As  redox  cycles  are  repeated,  gradual  degradation  was  observed. 

•  TPB  density  increased  as  the  redox  cycles  are  repeated. 

•  Performance  degradation  cannot  be  explained  from  microstructure  change. 
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In  the  present  study,  correlation  between  solid  oxide  fuel  cell  anode  microstructure  and  electrochemical 
performance  during  redox  cycles  was  investigated.  Electrolyte-support  cell  with  nickel/yttria  stabilized 
zirconia  composite  anode  was  prepared  and  tested  under  discharge  process  with  redox  cycles.  Redox 
treatment  was  basically  conducted  every  20  h  during  discharge  process.  Polarization  resistance 
decreased  just  after  redox  treatment  and  increased  during  discharge  process.  Enhancement  of  cell 
performance  after  every  redox  cycles  and  faster  degradation  in  the  following  discharge  process  were 
observed.  Polarization  resistance  gradually  increased  as  redox  cycles  were  repeated.  Focused  ion  beam¬ 
scanning  electron  microscopy  (FIB-SEM)  observation  was  conducted  for  reconstructing  the  three 
dimensional  microstructures  of  the  tested  samples.  From  the  three  dimensional  microstructure  recon¬ 
struction,  it  is  found  that  the  shape  of  nickel  particle  got  thinner  and  complicated  after  redox  cycles. 
Triple  phase  boundary  (TPB)  length  increased  after  redox  treatment  and  decreased  after  discharge 
process.  This  TPB  change  was  highly  associated  with  Ni  connectivity  and  Ni  specific  surface  area.  These 
microstructure  changes  are  consistent  with  the  change  of  cell  performance  enhancement  after  redox 
treatment  and  degradation  after  discharge  process.  However,  TPB  length  density  kept  on  increasing  as 
redox  cycles  are  repeated,  which  is  inconsistent  with  the  gradual  degradation  of  anode  performance. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nickel/yttria  stabilized  zirconia  (Ni-YSZ)  cermet  is  the  most 
common  material  for  the  solid  oxide  fuel  cell  (SOFC)  anode.  To 
ensure  high  performance  of  SOFC  for  a  long  operation  time,  cell  and 
system  designs  which  have  sufficient  durability  against  cyclic 
reduction  and  oxidation  (redox)  of  anode  are  essential.  Redox  is 
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caused  when  chemical  potential  of  oxygen  increases  in  the  anode 
side  in  cases  such  as  high  fuel  utilization,  gas  leakage  from  the 
cathode  side  and  fuel  interruption  1-9  .  The  decrease  of  volume 
during  reduction  from  NiO  to  Ni  is  as  about  40%,  and  the  increase  of 
volume  is  about  70%  during  oxidation  [3-5  .  This  Ni  volume  change 
leads  to  irreversible  microstructure  change  and  bulk  deformation 
of  Ni-YSZ  anode  and  causes  cracks  inside  the  electrolyte  in  the  most 
severe  situation  [1-9].  Sumi  et  al.  10]  reported  increase  of  polar¬ 
ization  impedance  after  redox  cycles  with  the  decrease  of  TPB 
length  and  increase  of  Ni  specific  surface  area.  Increase  of  polari¬ 
zation  resistance  was  also  reported  by  Laurencin  et  al.  [8].  Jeangros 
et  al.  [11]  carried  out  in-situ  observation  during  redox  states  of  Ni- 
YSZ  sample  using  ETEM  and  confirmed  how  Ni  particle  became 
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porous  and  dense  through  re-oxidation  and  re-reduction  processes. 
From  the  in-situ  observation,  they  proposed  a  schematic  mecha¬ 
nism  of  redox  microstructure  change,  i.e.  Ni  diffusion  becomes 
dominant  during  oxidation  process  which  creates  inner  pore, 
whereas  surface  reaction  is  dominant  during  reduction  process 
accompanying  spongy-like  Ni  structure  [7].  Regarding  chemical 
reaction  mechanism,  Tikekar  et  al.  [12]  investigated  on  rate¬ 
determining  kinetics  of  Ni  oxidation  and  NiO  reduction  in  various 
conditions.  Rate  determining  process  during  redox  atmosphere  is 
also  examined  and  high  dependency  on  temperature  and  gas 
composition  is  reported  [13,14  .  Redox  durability  is  strongly  related 
with  initial  microstructure  of  anode.  To  prevent  microstructure 
change  during  redox  cycles,  composite  anodes  with  various  dop¬ 
ants  are  examined  [15  .  In  addition,  redox  dependency  on  tem¬ 
perature  is  also  investigated  by  the  same  authors  [16]. 
Nevertheless,  precise  mechanism  of  redox  cycle  has  not  been  fully 
understood  due  to  its  high  dependency  on  cell  design,  experi¬ 
mental  conditions,  etc. 

Understanding  the  details  of  relationship  between  microstruc¬ 
ture  change  and  cell  performance  during  redox  cycles  is  necessary 
to  reveal  redox  kinetics.  In  this  work,  discharge  tests  were  con¬ 
ducted  with  and  without  redox  treatment  to  clearly  identify  the 
effects  of  redox  cycles.  The  three-dimensional  microstructures  of 
the  samples  were  analyzed  using  FIB-SEM  observation  technique. 

2.  Experimental  procedure 

2.1.  Electrolyte  support  cell  fabrication 

8YSZ  disc  (Tosoh  Japan)  of  24  mm  in  diameter  was  used  as  an 
electrolyte.  Slurries  for  Ni-8YSZ  composite  anode,  Ni  anode  current 
collecting  layer,  LSM-8YSZ  composite  cathode,  LSM  cathode  cur¬ 
rent  collecting  layer  (AGC  Seimi  Chemical,  Japan),  were  each  mixed 
with  terpineol  solvent  and  3  wt%  ethylcellulose  binder.  Then,  they 
were  screen  printed  onto  the  YSZ  disc  to  form  </>  10  mm  electrode. 
Electrodes  were  sintered  in  the  electric  oven  in  air  atmosphere. 
Sintering  temperature  was  1450  °C  for  the  anode  and  1200  °C  for 
the  cathode. 

2.2.  SOFC  operation  test 

Fabricated  cell  was  set  inside  the  test  rig.  Pt  reference  electrode 
was  fixed  around  the  side  of  the  electrolyte  disk.  Temperature  was 
kept  at  800  °C  during  cell  operation  test.  Initially,  anode  was 
reduced  with  nitrogen  diluted  hydrogen.  Then  5%  humidified 
hydrogen  and  pure  oxygen  were  supplied  to  anode  and  cathode 
sides,  respectively.  Current-Voltage  and  impedance  measurements 
were  conducted  using  Solatron  1287  and  Solatron  1255B.  Imped¬ 
ance  measurement  was  conducted  for  every  20  h.  Between  the 
impedance  measurements,  cell  was  discharged  under  constant 
current  of  0.2  A  citT2.  For  the  tests  with-redox  cycles,  impedance 
measurements  were  also  conducted  before  and  after  each  redox 
treatment. 

Pure  oxygen  is  introduced  for  2  h  during  the  oxidation  process, 
and  pure  hydrogen  is  introduced  for  1  h  during  the  reduction 
process.  Nitrogen  was  flushed  when  switching  gas  supply  from 
oxygen  to  hydrogen.  Electrochemical  measurements  were  con¬ 
ducted  before  and  after  20  h  discharge  process.  Oxidation  time  was 
set  to  achieve  full  Ni  oxidation,  and  we  confirmed  that  Ni  is  fully 
oxidized  after  2  h  oxidation  from  the  EDX  analysis.  Operation  was 
conducted  with  several  different  sequences  to  evaluate  the  in¬ 
fluences  of  redox  cycles.  Cell  operation  conditions  are  shown  in 
Table  1.  First  test  consists  of  5  sets  of  20  h  discharge  without  redox 
treatment  (100  h  discharge  test,  hereafter),  as  a  reference  case. 
Second  one  was  carried  out  with  5  sets  of  20  h  discharge  processes 


Table  1 

Cell  operation  condition. 

Test  name  Operation  sequence 

100  h  discharge  test  5  x  20  h  discharge 

4  redox  test  20  h  discharge  +  4x  (redox  +  20  h  discharge) 

1  redox  test  20  h  discharge  +  redox  +  4  x  20  h  discharge 

10  redox  test  20  h  discharge  +  lOx  (redox  +  20  h  discharge  ) 

a  Discharge  time  for  2nd  and  5th  redox  cycles  are  19  h. 


with  4  redox  treatments  held  every  20  h  between  the  discharge 
processes  (4  redox  test).  Third  test  was  conducted  to  confirm 
degradation  ratio  after  single  redox  treatment,  in  which  continuous 
80  h  discharge  was  conducted  after  initial  20  h  discharge  and 
following  single  redox  treatment  (1  redox  test).  Total  discharge 
time  is  100  h  for  these  three  tests. 

In  addition,  to  confirm  the  accumulated  redox  treatment  influ¬ 
ence  on  cell  performance,  longer  operation  was  conducted  with  10 
redox  cycles  (10  redox  test).  Basic  experimental  condition  is  the 
same  with  the  “4  redox  test”,  except  that  oxidation  was  3  h  for  the 
initial  redox,  and  the  discharge  time  after  2nd  and  5th  redox  cycles 
were  19  h 

2.3.  Microstructure  analysis 

After  the  experiment,  each  anode  sample  was  filled  with  epoxy 
resin  (Struers  Epofix),  and  polished  with  sand  paper  and  cross 
section  polisher  (JEOL  SM-09020CP).  Then,  series  of  cross  sectional 
images  were  taken  by  FIB-SEM  (NVision  40,  SII  Nanotechnology) 
[17].  Each  image  data  was  converted  to  ternarized  images  and 
merged  to  3D  voxel  structures  to  calculate  microstructural  pa¬ 
rameters.  Calculated  parameters  are  porosity,  connectivity  from  the 
electrolyte  to  the  current  collector,  total  and  active  TPB  densities, 
interception  lengths,  specific  surface  area  and  tortuosity  factor. 
Calculation  methods  of  each  parameter  are  described  in 
Refs.  [17-21]. 

3.  Results  and  discussion 

3.2.  Electrochemical  performance  change 

Temporal  changes  of  anode-reference  voltage  are  shown  in 
Fig.  1.  Interruptions  of  each  line  correspond  to  the  periods  of 


Fig.  1.  Anode-reference  voltage  change  during  Redox  tests.  “100  h  discharge  test” 
(red),  “4  redox  test”  (blue)  and  “1  redox  test”  (orange).  (For  interpretation  of  the  ref¬ 
erences  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article). 
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electrochemical  impedance  measurements  and  redox  treatments. 
The  difference  of  initial  voltages  are  due  to  the  variation  between 
the  cells.  In  every  test,  voltage  increased  during  the  early  stage  of 
the  discharge  process.  This  is  probably  due  to  the  anode  micro¬ 
structure  change  which  took  place  at  the  very  initial  stage  of 
operation.  For  the  “100  h  discharge  test”  (red  line),  gradual  voltage 
decrease  is  observed.  On  the  other  hand,  for  the  “4  redox  test”  (blue 
line),  performance  enhancement  after  each  redox  treatment,  and 
faster  degradation  at  subsequent  discharge  process  were  observed. 


Furthermore,  for  the  “1  redox  test”  (orange  line),  fast  initial 
degradation  after  redox  treatment  converges  to  the  same  level  of 
the  “100  h  discharge  test”.  These  results  imply  that  single  redox 
treatment  affects  degradation  rate  temporally,  but  has  little  influ¬ 
ence  on  long  discharge  operation.  This  behavior  is  different  from 
the  past  work  which  reports  voltage  drop  just  after  every  redox 
cycle  [22  .  Regarding  the  enhancement  just  the  after  redox  treat¬ 
ment,  Pihlatie  et  al.  16]  measured  electronic  conductivity  of  Ni-YSZ 
cermet  and  observed  an  increase  of  conductivity  after  the  redox 
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Fig.  2.  Anode-reference  impedance  measurement  during  cell  operation  test. 
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Fig.  3.  Anode-reference  voltage  change  during  10  redox  test.  Other  tests  are  also 
shown  for  reference. 


treatment.  This  phenomena  can  be  explained  by  the  increase  of  Ni 
connectivity.  Of  course,  this  discussion  is  not  simply  applied  to  the 
electrode  total  performance,  in  which  not  only  electron  trans¬ 
portation,  but  also  ionic  transportation  and  gas  diffusion  are 
associated. 

Polarization  and  ohmic  resistances  both  gradually  increased 
during  “100  h  discharge  test”,  as  shown  in  Fig.  2  (a).  On  the  other 
hand,  from  the  impedance  results  of  “4  redox  test”,  decrease  of 
polarization  resistance  just  after  redox  treatment  and  increase  of 
polarization  resistance  after  subsequent  discharge  process  are 
clearly  observed,  as  shown  in  Fig.  2(b).  These  are  also  consistent 
with  the  voltage  change  shown  in  Fig.  1.  Change  of  polarization 
resistance  is  found  mostly  on  high  frequency  region  which  is 
considered  to  be  related  to  the  charge  transfer  reaction.  From  the 
result  of  “1  redox  test”  in  Fig.  2(c),  polarization  resistance  decreased 
after  1st  redox,  then  it  kept  increasing  throughout  the  following 
discharge  process.  Thus,  enhancement  of  performance  and 
following  rapid  degradation  are  also  clearly  observed  from  the 
impedance  measurement.  Decrease  of  polarization  resistance  just 
after  redox  treatment  is  also  reported  at  lower  temperature  [23]. 
Ohmic  resistance  increased  for  all  tests,  but  they  are  not  distinc¬ 
tively  different  from  the  “100  h  discharge  test”  result. 

Voltage  change  during  the  “10  redox  cycle  test”  was  similar  to 
that  of  the  “4  redox  test”,  as  shown  in  Fig.  3.  Increase  of  voltage  after 
redox  treatment  and  decrease  during  subsequent  discharge  process 
were  observed  for  the  whole  operation. 

Impedance  data  was  analyzed  by  equivalent-circuit  fitting  using 
ZPlot.  Equivalent  circuit  consists  of  inductance  (LI )  resistance  (R1 ), 
two  RQelements  and  Warburg  impedance  (Wsl )  as  shown  in  Fig.  4. 
Polarization  resistance  is  defined  as  the  total  sum  of  R2,  R3  and 
Wsl. 

Result  of  impedance  analysis  is  shown  in  Fig.  5.  Ohmic  resis¬ 
tance  increased  constantly  through  the  whole  discharge  process. 
Little  change  was  observed  before  and  after  redox  treatment.  Po¬ 
larization  resistance  decreased  just  after  redox  and  increased 
through  the  subsequent  discharge  process.  Polarization  resistance 
continuously  increased  through  10  redox  cycles. 


Fig.  5.  Changes  of  ohmic  and  polarization  resistances  during  10  redox  test. 


32.  Microstructure  analysis 

To  reveal  the  relationship  between  the  electrode  performance 
and  the  microstructure  change,  FIB-SEM  observation  was  con¬ 
ducted.  Eight  different  samples  were  prepared  from  cell  pieces  after 
different  steps  of  operation.  Those  are,  1)  after  initial  reduction,  2) 
after  20  h  discharge,  3)  after  1st  redox,  4)  after  1  redox  and  20  h 
discharge,  5)  after  100  h  discharge  without  redox,  6)  after  1  redox 
and  80  h  discharge,  7)  after  4  redox  and  20  h  discharge,  and  8)  after 
10  redox  and  20  h  discharge.  Observation  points  are  indicated  in 
Fig.  3  with  arrows. 

SEM  images  are  shown  in  Fig.  6.  From  the  SEM  images  of 
“initial  reduction”,  “20  h  discharge”  and  “100  h  discharge”  sam¬ 
ples,  we  can  see  that  Ni  particles  become  round  and  large.  This  is 
consistent  with  the  Ni  microstructure  change  reported  in 
Refs.  [22,24,25  .  From  “1  redox”  image,  Ni  particle  changed  to 
thinner  and  more  elongated  shape.  This  is  a  characteristic 
deformation  caused  after  redox  treatment,  which  is  also  reported 
in  Ref.  10].  From  “1  redox  and  20  h  discharge”  and  “1  redox  and 
80  h  discharge”  images,  we  can  find  that  Ni  particle  get  round 
and  smooth  again  through  the  discharge  process.  From  “4  redox 
cycles  and  20  h  discharge”  and  “10  redox  and  20  h  discharge” 
images,  we  can  see  that  Ni  particle  shape  got  more  and  more 
complicated  and  fine.  These  microstructure  change  implies  that 
drastic  deformation  of  Ni  is  caused  as  a  result  of  redox  treatment, 
and  gradual  smoothing  occurs  through  the  discharge  process.  On 
the  other  hand,  microstructure  change  of  YSZ  is  visually  unclear 
from  these  images. 

Then,  every  image  was  ternarized  using  brightness  values  of 
Ni,  YSZ,  and  pore  phases.  Ternarized  images  are  stacked  and 
converted  to  three  dimensional  voxel  structures  as  shown  in 
Fig.  7.  Calculated  microstructure  parameters  are  shown  in  able  2. 
In  order  to  figure  out  microstructure  change  more  clearly,  some 
parameters  are  individually  plotted  against  time  and  number  of 
redox  cycles. 

In  Fig.  8(a),  porosity  increased  during  the  discharge  process, 
except  for  the  “100  h  discharge  test”.  This  is  probably  due  to  the 
variations  between  the  cells  or  FIB-SEM  observation  regions. 


Fig.  4.  Equivalent  circuit  model  for  impedance  fitting.  Consists  of  inductance  (LI)  resistance  (Rl),  two  RQ.  elements  and  Warburg  impedance. 
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Fig.  6.  SEM  images  of  anode  during  redox  testing.  Ni  appears  as  light  gray,  YSZ  as  dark  gray  and  pore  as  black. 


Increase  of  porosity  during  discharge  process  is  also  reported  pre¬ 
viously  25].  On  the  other  hand,  porosity  decreased  after  redox 
treatments.  For  the  “4  redox  and  20  h  discharge”  sample,  porosity 
was  smaller  than  that  of  “100  h  discharge”  and  “1  redox  and  80  h 
discharge”  samples.  This  result  suggests  that  decrease  of  porosity 
during  redox  treatment  is  greater  than  the  increase  of  porosity 
during  the  discharge  process.  As  redox  cycles  are  repeated,  porosity 
kept  on  decreasing  as  shown  in  Fig.  8(b).  This  is  contrary  to  the 
previously-reported  result  by  Holzer  et  al.  26]. 

Temporal  change  of  active  TPB  density  is  shown  in  Fig.  9  (a). 
Active  TPB  density  decreased  after  the  initial  20  h  discharge  pro¬ 
cess,  and  increased  after  the  first  redox  treatment.  Then,  it 
decreased  again  during  subsequent  discharge  process.  For  the  “4 
redox  and  20  h  discharge”  sample,  active  TPB  density  shows  higher 
value  than  that  of  “100  h  discharge”  sample.  On  the  other  hand, 
active  TPB  density  of  “1  redox  and  80  h  discharge”  sample  shows 
close  value  with  that  of  “100  h  discharge”  sample.  This  result  im¬ 
plies  that  impact  of  single  redox  treatment  is  small  in  the  whole 
process. 


Active  TPB  density  increased  as  redox  cycles  are  repeated  as  can 
be  seen  from  Fig.  9(b).  Active  TPB  density  of  “10  redox  and  20  h 
discharge”  sample  was  the  largest  among  all  the  samples  exam¬ 
ined.  On  the  other  hand,  as  shown  in  Fig.  5,  polarization  resistance 
increased  gradually  during  redox  cycles.  Thus,  increase  of  active 
TPB  density  after  redox  cycles  conflicts  with  the  degradation  of 
anode  performance. 

Changes  of  tortuosity  factors  are  shown  in  Fig.  10.  From 
Fig.  10(a),  Ni  tortuosity  factor  showed  large  decrease  after  the 
redox  treatment  and  increase  during  the  20  h  discharge  process, 
although  it  decreased  for  the  latter  period  of  “100  h  discharge” 
operation.  Also,  YSZ  tortuosity  factor  showed  a  decrease  after  the 
redox  treatment  and  an  increase  during  the  discharge  process.  As 
redox  cycles  are  repeated,  Ni  tortuosity  factor  decreased  as 
shown  in  Fig.  10(d).  YSZ  tortuosity  factor  showed  a  variation 
without  showing  any  typical  tendency  by  redox  cycles.  For  the 
pore  phase  tortuosity,  little  change  was  observed  in  Fig.  10(c),  but 
it  became  very  large  after  “10  redox  and  20  h  discharge”  as 
shown  in  Fig.  10(d). 
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Initial  reduction 
(25.1  jam  x  8.6  jam  x  12.6  jam) 


20h  discharge 

(21.8  jam  x  9.6  jam  x  10.5  jam) 


1  redox  and  20h  discharge 
(22.0  jam  x  8.4  jam  x  12.8  jam) 


1  redox 

(21.7  jam  x  8.4  jam  x  10.5  jam) 


lOOh  discharge  without  reduction  1  redox  and  80h  discharge 

(22.3  jam  x  6.8  jam  x  1 1.3  jam)  (21.6  jam  x  8.0  jam  x  10.4  jam) 


4  redox  and  20  h  discharge 
(21.7  jam  x  7.8  |am  x  9.6  jam) 


10  redox  and  20  h  discharge 
(22.2  jam  x  7.9jam  x  1 1.2  jam) 


Fig.  7.  Reconstructed  3D  microstructures  from  FIB-SEM  measurements.  Green:  Ni,  Blue:  YSZ.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred 
to  the  web  version  of  this  article). 
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Table  2 

Calculated  microstructure  parameters. 


Initial 

reduction 

20  h  dis¬ 
charge 

1  redox 

1  redox  and 

20  h  discharge 

1  redox  and 

80  h  discharge 

4  redox  and 

20  h  discharge 

100  h 
Discharge 

10  redox  and 

20  h  discharge 

Volume  fraction  (%) 

Ni 

26.27 

25.72 

25.55 

25.97 

26.47 

27.21 

26.82 

33.79 

YSZ 

28.01 

25.86 

29.86 

28.49 

26.36 

30.40 

25.61 

30.31 

Pore 

45.72 

48.42 

44.59 

45.54 

47.17 

42.39 

47.57 

35.90 

Connectivity  (%) 

Ni 

96.09 

92.92 

98.14 

95.78 

94.39 

99.33 

89.82 

99.65 

YSZ 

97.34 

96.39 

96.75 

97.14 

96.76 

96.22 

96.25 

93.46 

Pore 

99.86 

99.93 

99.10 

99.80 

99.92 

99.30 

99.96 

99.24 

TPB  density 

Total 

2.47 

2.51 

2.46 

2.15 

2.19 

2.61 

2.53 

3.79 

(pm  pm-3) 

Active 

1.89 

1.65 

1.93 

1.64 

1.58 

2.08 

1.64 

2.83 

Specific  surface  area 

Ni 

1.31 

1.19 

1.38 

1.15 

1.15 

1.45 

1.21 

2.07 

(pm2  pm-3) 

YSZ 

2.00 

2.03 

1.80 

1.89 

1.97 

1.96 

2.09 

1.99 

Mean  interception 

Ni 

0.89 

0.94 

0.82 

0.96 

1.06 

0.85 

0.97 

0.71 

length  (pm) 

YSZ 

0.62 

0.56 

0.73 

0.67 

0.64 

0.71 

0.55 

0.66 

Pore 

0.96 

0.99 

0.93 

0.96 

1.09 

0.82 

0.97 

0.57 

Tortuosity  factor 

Ni 

7.96 

17.74 

6.53 

8.99 

10.24 

4.90 

11.60 

3.17 

YSZ 

10.21 

10.86 

7.42 

8.33 

9.45 

7.04 

11.39 

9.75 

Pore 

2.43 

2.10 

2.75 

2.61 

2.57 

3.22 

2.18 

7.24 

4.  Discussion 

Densification  of  anode  after  redox  cycles  is  considered  to  be 
highly  related  to  the  increase  of  pore  tortuosity  factor.  By 
comparing  “1  redox  and  20  h  discharge”,  “4  redox  and  20  h 
discharge”,  and  “10  redox  and  20  h  discharge”  from  Table  2,  we  can 
see  that  pore  connectivity  slightly  decreased  as  redox  cycles  are 
repeated.  Through  this  process,  isolated  pore  might  be  formed. 
Furthermore,  mean  interception  length  of  pore  decreased  as  redox 
cycles.  This  also  contributes  to  increase  pore  tortuosity  factor. 


(a) 

50.0  - 

48.0  - 


lredox  and  20h  discharge  4  redox  and  20h  discharge  10  redox  and  20h  discharge 

Operation  state 

(b) 

Fig.  8.  Porosity  change  during  cell  operation,  (a)  Temporal  change  and  (b)  comparison 
for  different  number  of  redox  cycles. 


Change  of  active  TPB  is  considered  to  be  highly  associated  with 
the  change  of  Ni  connectivity  and  Ni  particle  shape.  From  Fig.  11  (a) 
and  (b),  changes  of  Ni  connectivity  and  Ni  specific  surface  area 
show  a  trend  similar  to  that  of  the  active  TPB  density,  i.e.  both 
parameters  show  increase  after  redox  treatment  and  decrease 
during  discharge  process.  After  redox  treatment,  Ni  particle 
changed  into  thin  and  elongated  shape  as  mentioned  earlier. 
Elongated  Ni  particles  are  also  reported  in  Ref.  [10  .  This  micro¬ 
structure  change  is  also  confirmed  from  the  decrease  of  mean 
interception  length  and  increase  of  specific  surface  area  after  redox 


(a) 


lredox  and  20h  discharge  4  redox  and  20h  discharge  10  redox  and  20h  discharge 

Operation  state 

(b) 

Fig.  9.  TPB  density  change  during  cell  operation,  (a)  Temporal  change  and  (b)  com¬ 
parison  for  different  number  of  redox  cycles. 
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(a) 


(b) 


Discharge  time  [h] 


(c) 


lredox  and  20h  discharge  4  redox  and  20h  discharge  10  redox  and  20h  discharge 

Operation  state 

(d) 


Fig.  10.  Tortuosity  factor  changes  during  cell  operation.  Temporal  changes  of  (a)  Ni,  (b)  YSZ,  and  (c)  pore,  and  (d)  comparison  for  different  number  of  redox  cycles. 


treatment  from  Fig.  11(b)  and  (c).  It  is  also  clearly  shown  in  Fig.  12 
(a)  that  Ni  particle  size  gets  smaller  due  to  redox  treatment.  Elon¬ 
gated  Ni  particle  enhances  connection  of  Ni  network,  which  con¬ 
tributes  to  the  increase  of  active  TPB  density.  Pihlatie  et  al.  also 


reported  an  improvement  of  Ni  network  and  an  increase  of  con¬ 
ductivity  after  redox  treatment  [15,16].  Enhancement  of  conduc¬ 
tivity  was  also  reported  by  Klemenso  et  al.  1  .  Furthermore,  Ni 
particle  volume  fraction  increases  after  redox  treatment  due  to 


(a)  (b) 


(c) 


Fig.  11.  Change  of  (a)  Ni  connectivity,  (b)  Ni  specific  surface  area,  and  (c)  Ni  s  mean  interception  length  . 
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Interception  length  [jim] 


(a) 


Interception  length  [^lm] 


(b) 


Interception  length  [jim] 

(c) 

Fig.  12.  Comparison  of  particle  size  distribution  based  on  interception  length  for  initial  reduction,  4  redox  and  20  h  discharge,  and  10  redox  and  20  h  discharge,  (a)  Ni,  (b)  YSZ,  and 
(c)  Pore. 


densification  of  anode,  which  also  contributes  to  improve  Ni  con¬ 
nectivity.  During  discharge  process,  sintering  of  Ni  particle  pro¬ 
ceeds  and  particle  grow  into  round  and  larger  shape.  Mean 
interception  length  also  increases  and  specific  surface  area  de¬ 
creases  during  the  discharge  process.  As  sintering  of  Ni  promotes 
isolation  of  Ni  particle,  active  TPB  density  decreases.  This  is 
consistent  with  the  result  of  impedance  analysis,  i.e.  polarization 
resistance  increased  during  discharge  process  and  decreased  after 
redox  treatment.  As  redox  cycles  are  repeated,  Ni  connectivity  and 
Ni  specific  surface  area  increases,  and  mean  interception  length  of 
Ni  decreases,  which  contributes  to  the  increase  of  active  TPB. 

Generally,  redox  is  a  major  cause  of  YSZ  structure  damage. 
However,  decrease  of  tortuosity  factor  was  found  after  redox 
treatment.  Tortuosity  factor  is  largely  related  with  connectivity 
and  particle  size.  YSZ  connectivity  change  was  little  after  redox 
treatment  as  shown  in  Fig.  13  (a),  but  mean  interception  length  of 
YSZ  increased  after  redox  treatment  as  shown  in  Fig.  13(c).  From 


Fig.  12(b),  we  can  find  that  YSZ  particle  distribution  show  smaller 
change  than  the  Ni  phase.  But  YSZ  particle  distribution  seems  to  be 
slightly  shifted  to  larger  interception  length  after  4  redox  cycle 
test.  This  change  is  consistent  with  the  change  of  YSZ  tortuosity 
factor  shown  in  Fig.  10(b).  Increase  of  mean  interception  length  of 
YSZ  is  also  consistent  with  the  decrease  of  YSZ  specific  surface  area 
as  shown  in  Fig.  13(b).  However,  precise  phenomenon  is  not  clear. 
YSZ  tortuosity  factor  decreased  for  “4  redox  and  20  h  discharge” 
sample,  but  increased  after  “10  redox  and  20  h  discharge”  as 
shown  in  Fig.  10(d).  In  addition,  we  can  see  that  YSZ  connectivity 
decreases  as  redox  cycles  are  repeated  as  shown  in  Table  2. 
Destruction  of  YSZ  network  might  have  taken  place  as  redox  cycles 
are  repeated. 

Gradual  increase  of  polarization  resistance  does  not  correspond 
to  the  increase  of  active  TPB  density  during  redox  cycles.  Further¬ 
more,  gradual  increase  of  ohmic  resistance  is  not  clearly  explained 
from  the  present  microstructure  analysis.  As  we  have  shown  in 
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(a) 


Discharge  time  [h] 

(C) 

Fig.  13.  Change  of  (a)  YSZ  connectivity,  (b)  YSZ  specific  surface  area,  and  (c)  YSZ  mean 
interception  length. 


Fig.  2(a),  ohmic  resistance  show  an  increase  during  discharge 
process  without  redox  treatment.  The  reason  of  this  increase  is  not 
clear,  but  might  be  attributed  to  the  degradation  of  the  electrolyte. 
If  anode  is  delaminated  from  the  electrolyte,  it  is  considered  that 
the  ohmic  resistance  should  increase  discontinuously  after  the 
responsible  redox  treatment.  Thus,  electrode  delamination  does 
not  seem  to  be  the  critical  reason  for  the  increase  of  ohmic  resis¬ 
tance  in  the  present  study.  Other  degradation  mechanisms  should 
be  considered.  There  are  several  reports  on  microstructure  change 
using  TEM.  Chen  et  al.  [27]  reported  a  formation  of  NiO  ribbon 
phase  along  Ni-YSZ  interface  under  hydrogen  atmosphere.  Also, 
formation  of  tetragonal  YSZ  and  the  associated  decrease  of  ionic 
conductivity  are  reported  by  several  groups  [28-31  .  These  cannot 
be  analyzed  through  the  microstructure  analysis  of  FIB-SEM.  There 
is  a  possibility  that  such  nano-scale  phenomena  might  have  caused 
gradual  degradation  of  the  anode  performance  during  redox  cycles. 


5.  Conclusion 

Relationship  between  cell  performance  and  microstructure 
change  of  anode  during  redox  cycles  was  analyzed.  From  the  anode 
voltage  measurements,  cell  performance  enhanced  just  after  the 
redox  treatment  and  decreased  during  the  subsequent  discharge 
operation.  Polarization  resistance  decreased  just  after  the  redox 
treatment  and  increased  during  the  discharge  process.  As  redox 
cycles  are  repeated,  polarization  resistance  gradually  increased. 
Ohmic  resistance  kept  increasing  during  the  whole  discharge 
process. 

From  the  microstructure  analysis,  active  TPB  density  increases 
after  the  redox  treatment  and  decreases  after  the  discharge  process, 
which  is  accompanied  by  the  changes  of  Ni  connectivity  and  Ni 
specific  surface  area.  These  results  are  consistent  with  the  decrease 
of  polarization  resistance  after  each  redox  treatment  and  the  in¬ 
crease  during  each  subsequent  discharge  process. 

From  comparison  of  reconstructed  microstructures  with 
different  number  of  redox  cycles,  TPB  density  increased  as  redox 
cycles  are  repeated.  This  is  inconsistent  with  the  electro¬ 
chemical  measurement  which  shows  gradual  increase  of  polar¬ 
ization  resistance.  Therefore,  cell  performance  change  during 
redox  cycles  cannot  be  explained  only  from  the  microstructure 
change.  Another  factor  such  as  phase  transition  of  YSZ  or  change 
of  local  chemical  reaction  kinetics  should  be  further 
investigated. 
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